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We observe highly efficient dynamic spin injection from Y3Fe5O12 (YIG) into NiO, an 
antiferromagnetic (AF) insulator, via strong coupling, and robust spin propagation in NiO up to 
100-nm thickness mediated by its AF spin correlations.  Strikingly, the insertion of a thin NiO 
layer between YIG and Pt significantly enhances the spin currents driven into Pt, suggesting 
exceptionally high spin transfer efficiency at both YIG/NiO and NiO/Pt interfaces.  This offers a 
powerful platform for studying AF spin pumping and AF dynamics as well as for exploration of 
spin manipulation in tailored structures comprising metallic and insulating ferromagnets, 
antiferromagnets and nonmagnetic materials.  
 
PACS: 75.50.Ee, 75.70.Cn, 76.50.+g, 81.15.Cd  
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Spin transport in ferromagnetic (FM) and nonmagnetic materials (NM) has been 
extensively studied [1-5].  Pure spin currents driven from FMs to metals or semiconductors by 
ferromagnetic resonance (FMR) or thermal spin pumping have attracted especially intense 
interest [6-16].  Another important class of magnetic materials, antiferromagnets, are not 
expected to enable spin transport; thus, the possibility of spin transport by AF excitations 
remains largely unexplored.  FMR spin pumping in FM/NM bilayers relies on transfer of angular 
momentum from the precessing FM magnetization to the conduction electrons in the NM to 
generate spin currents [6-12, 14, 15].  Insulating FMs are known [7] to support spin transport 
through magnon currents.  Simultaneous spin and magnon accumulation at a NM/FM-insulator 
interface accompanied by the interconversion of spin current Js to magnon current Jm has been 
predicted [17, 18].  AFs, both metallic and insulating, can also sustain propagating spin 
excitations, potentially allowing transport of spin current.  Our recently demonstrated growth of 
high-quality YIG thin films which enable mV-level inverse spin Hall effect (ISHE) spin pumping 
signals [14, 15, 19] provides an effective platform for observation of spin transport in AFs.  
We grow 20-nm YIG films on Gd3Ga5O12 (111) substrates, followed by deposition of 
NiO and Pt layers using off-axis sputtering [14, 15, 19-24].  X-ray diffraction (XRD) scan of one 
of our YIG films in Fig. 1(a) shows clear Laue oscillations, demonstrating its high crystalline 
quality.  Fig. 1(b) shows an FMR derivative absorption spectrum for one (YIG-1) of the 20-nm 
YIG films studied in this letter taken at radio-frequency (rf) f = 9.65 GHz and power Prf = 0.2 
mW with an in-plane magnetic field (H), from which we obtain a peak-to-peak linewidth (H) of 
8.5 Oe [25].  Atomic force microscopy (AFM) measurements of a bare YIG film and a 
YIG/NiO(20 nm) bilayer shown in Figs. 1(c) and 1(d) reveal root-mean-square (rms) roughness 
of 0.197 and 0.100 nm, respectively, demonstrating the smooth surfaces of both YIG and NiO.  
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Our spin pumping measurements are performed at room temperature on ~1 mm  5 mm 
samples in an FMR cavity with a DC field applied along the short edge, as illustrated in Fig. 
1(e).  For YIG(20 nm)/Pt(5 nm) bilayers at YIG resonance, the dynamical coupling between the 
precessing YIG magnetization and the conduction electrons in Pt produces a pure spin current, 
Js, into Pt, which is converted to a net charge current via the ISHE [8-10, 26], resulting in an 
ISHE voltage (VISHE) along the length of the samples.  Figure 1(f) shows VISHE vs. H - Hres 
spectra, where Hres is the FMR resonance field, at H = 90 and 270 (two in-plane fields), which 
exhibits an ISHE voltage of 3.04 mV, the highest value we have observed [14, 15].   
In this letter, we focus on three series of YIG/Pt bilayers and YIG/NiO/Pt trilayers 
prepared from three 20-nm YIG films labeled YIG-1, YIG-2 and YIG-3 with FMR linewidths 
(bare YIG) of 8.5, 10.4 and 22.6 Oe, respectively.  The -2 XRD scan of a 100-nm NiO film 
deposited on GGG (111) substrate shown in Figure 1(g) indicates that the NiO films are 
polycrystalline with a preferred orientation along <111>.  The top panels in Figs. 2(a)-2(c) show 
VISHE vs. H - Hres spectra for the three YIG/Pt bilayers at Prf = 200 mW, which give VISHE = 3.04 
mV, 604 V, and 146 V, respectively.  The three YIG/Pt bilayers are selected to have a wide 
range of ISHE voltages due to the difference in YIG film/interface quality.  
To characterize spin transport in AF insulators, we insert a layer of NiO, an AF with a 
bulk Néel temperature over 500 K, between YIG(20 nm) and Pt(5 nm) in all three YIG series.  
The insulating nature of the NiO films is confirmed by electrical measurements.  The middle 
panels in Figs. 2a-2c shows VISHE vs H spectra for the three series of YIG/NiO(1 nm)/Pt trilayers.  
Strikingly, we observe a significant enhancement, relative to Pt directly on YIG, of the spin 
pumping signals in all three samples: VISHE = 4.71 mV (from 3.04 mV), 1.20 mV (from 604 V), 
and 1.03 mV (from 146 V), relative increases of 1.55, 1.99, and 7.05 for the YIG-1, YIG-2, and 
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YIG-3 samples, respectively.  Since the blocking temperatures (Tb) of 1- or 2-nm NiO films 
should be below room temperature [27, 28] (Tb is expected to exceed 300 K at ~5 nm NiO 
thickness [29]), this indicates that the root of this enhancement of spin pumping efficiency in 
YIG/NiO/Pt trilayers lies in the AF fluctuations of NiO [30]. 
The dependence of the spin current injected into Pt on the NiO thickness provides clues 
as to length scale, and hence the mechanism underlying spin pumping observed here.  Figures 
3(a)-3(c) show semi-log plots of the dependencies of VISHE on tNiO for the three series of trilayers.  
We observe three important features.  First, for thin NiO interlayers, tNiO = 1 or 2 nm, the ISHE 
voltages increase with increasing tNiO.  After peaking, the spin pumping signals of the trilayers 
remain higher than the values of corresponding YIG/Pt bilayers for tNiO up to 5 nm for the YIG-1 
and YIG-2 series and up to tNiO > 10 nm for the YIG-3 series.  This is in notable contrast to the 
suppression of VISHE by more than two orders of magnitude when a 1-nm nonmagnetic insulator 
SrTiO3 (STO) is inserted between YIG and Pt, as shown in Fig. 3(d) [15].  The enhanced ISHE 
voltages suggest that the overall spin conversion efficiency [5, 10, 12] of the entire YIG/NiO/Pt 
trilayer is higher than the YIG/Pt bilayer with direct contact [14, 19], indicating that the YIG/NiO 
and NiO/Pt interfaces are exceptionally efficient in transferring spins.  At the YIG/NiO interface, 
a strong, short-range exchange interaction [31] couples the FM magnetization in YIG with the 
AF moments in NiO [29].  At YIG resonance, the precessing YIG magnetization excites the AF 
moments at the YIG/NiO interface.  The enhancement at tNiO  2 nm suggests that a prominent 
role for AF spin fluctuations in the spin transfer process. 
Second, following this initial enhancement, VISHE decays exponentially in all three series 
of YIG/NiO(tNiO)/Pt trilayers, implying diffusive spin transport in the AF insulator NiO.  This 
presumably proceeds by means of either magnons (excitations of ordered AF spins when Tb is 
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above measurement temperature Tm) or AF fluctuations (excitations of dynamic but AF 
correlated spins when Tb is below Tm).  Least-squares fits to 𝑉ISHE = 𝑉ISHE(𝑡NiO = 1 nm)e
−𝑡NiO/𝜆 
in the range 1 nm  tNiO  50 nm indicate diffusion lengths  = 8.8, 9.4, and 11 nm for the YIG-1, 
YIG-2, and YIG-3 series, respectively, as compared to  = 0.19 nm for the YIG/STO/Pt trilayers.  
The AF magnons or fluctuations in NiO carry the angular momentum across the NiO thickness 
to the NiO/Pt interface, where the angular momentum is transferred across the NiO/Pt interface 
to the conduction electrons of Pt, generating a spin current in Pt.   
Lastly, the decay of VISHE slows at tNiO > 50 nm relative to thinner NiO.  The bottom 
panels in Figs. 2(a), 2(b) and 2(c) show the VISHE vs. H - Hres spectra for the three YIG/NiO(100 
nm)/Pt trilayers which give VISHE = 1.85, 0.61 and 0.51 V, respectively.  The insulating nature 
of YIG and NiO rules out anisotropic magnetoresistance or anomalous Hall effect [32].  
Magnetic proximity effect in Pt is not expected given that Pt is on top of antiferromagnetic NiO 
[33].  The slow decay in thick NiO suggests longer decay length in ordered AF. 
Meanwhile, the YIG/NiO exchange coupling also induces extra damping in YIG which 
broadens the FMR linewidth.  Figures 3(e)-3(g) show the NiO thickness dependence of H for 
the three series of YIG/NiO/Pt trilayers, all of which exhibit an initial decrease in H, followed 
by an increases and eventual saturation at large NiO thickness.  This behavior can be understood 
as follows.  For very thin NiO (e.g., 1 or 2 nm), Tb is well below room temperature and the AF 
fluctuation induced extra damping on YIG is small.  However, an insulator as thin as 1 nm can 
effectively decouple YIG and Pt [see Fig. 3(g)] and greatly reduce the spin pumping induced 
extra damping by Pt.  As a result, H decreases first in very thin NiO regime.  As NiO thickness 
increases, AF correlation becomes more robust and YIG/NiO exchange coupling grows stronger, 
which leads to an increase in damping and H.  This is in clear contrast with YIG/SrTiO3/Pt 
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trilayers in Fig. 3(g) in which H monotonically decreases before reaching saturation.   
Exchange coupling between a FM and an AF can potentially lead to exchange bias and 
enhanced coercivity (Hc) [31].  Figure 4(a) shows the room temperature in-plane magnetic 
hysteresis loops of a 20-nm YIG film and YIG/NiO(tNiO) bilayers with tNiO = 2, 5, 10, 20, and 50 
nm.  The bare YIG film exhibits a square hysteresis loop with a very small Hc of 0.36 Oe and a 
very sharp magnetic switching with most of the reversal completed within 0.1 Oe, implying 
exceptionally high magnetic uniformity.  As tNiO increases, Hc continuously rises and reaches 
1.53 Oe for YIG/NiO(50 nm), as shown in the inset to Fig. 4(a).  We do not observe clear 
exchange bias in YIG/NiO bilayer (no exchange bias has been reported in YIG-based structures). 
To verify that the observed spin transport across NiO in YIG/NiO/Pt trilayers does not 
arise from spurious effects, we grow four different heterostructures on YIG-1 and measure their 
spin pumping signals as shown in Fig. 4(b).  The first sample, YIG/NiO(5 nm)/Cu(10 nm)/NiO(5 
nm)/Pt(5 nm), in which we insert a 10-nm Cu spacer in between two 5-nm NiO layers, exhibits 
VISHE = 1.25 V.  This value is three orders of magnitude smaller than the value of 1.42 mV for 
YIG-1/NiO(10 nm)/Pt [Fig. 3(a)], indicating that spin current can still propagate from YIG to Pt 
across the three spacers, but the combined spin conductance of the three-layer/four-interface 
system is much smaller than for the YIG/NiO/Pt trilayers.  Replacing the 10-nm Cu with a 5-nm 
SiOx layer in control sample (2) eliminates any detectable spin pumping signal, demonstrating 
that Cu can conduct spin current while SiOx blocks spin flow.  The third control sample, 
YIG/NiO(5 nm)/Cu(10 nm), shows no ISHE signal, confirming that the observed spin pumping 
signal for YIG/NiO/Cu/NiO/Pt indeed comes from the ISHE in Pt.  Lastly, the YIG/Cu(10 
nm)/NiO(10 nm)/Pt structure shows a small but clear ISHE signal of 0.20 V, indicating that 
while YIG/Cu(10 nm)/NiO(10 nm)/Pt can still propagate spins, the spin transfer efficiency is not 
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as high as that in YIG/NiO(5 nm)/Cu(10 nm)/NiO(5 nm)/Pt(5 nm).  
Altogether, this suggests the following multiple-stage spin conversion in YIG/NiO(5 
nm)/Cu(10 nm)/NiO(5 nm)/Pt(5 nm): 1) at the YIG/NiO interface, the precessing YIG 
magnetization injects angular momentum into the first NiO, producing AF excitations; 2) the AF 
excitations carry the angular momentum to the first NiO/Cu interface, where they are converted 
to a spin current in Cu carried by the conduction electrons; 3) the spin current in Cu propagates 
to the second Cu/NiO interface where it is converted back to AF excitations in the second NiO 
layer; 4) the AF excitations in the second NiO layer transfer the angular momentum to the 
interface with Pt, where they are converted to a spin current in Pt, resulting in an ISHE voltage.  
Figure 4(c) shows the FMR derivative absorption spectra of a bare YIG-1, a YIG-
1/NiO(20 nm) and a YIG-1/SiOx(20 nym) bilayer measured at f = 9.65 GHz, which reveal that a 
20-nm NiO significantly broadens the linewidth while SiOx has essentially no effect on the YIG 
linewidth.  This suggests that the AF ordering or AF fluctuations in NiO plays an important role 
in the damping of YIG.  Figure 4(d) gives the frequency dependencies of H for the three 
samples shown in Fig. 4(c), all of which exhibit a linear relationship with frequency.  From least-
squares fits to the data in Fig. 4(d), we obtain the Gilbert damping constant  = 5.9  10-4, 5.9  
10-4, and 2.5  10-3 for YIG-1, YIG-1/SiOx, and YIG-1/NiO, respectively [34].  The 20-nm NiO 
clearly enhances the damping in YIG while the damping in YIG/SiOx is almost the same as in 
bare YIG.  This indicates that the AF moments in NiO exchange couple to the YIG 
magnetization in a way similar to the exchange bias in FM/AF bilayers [31], which causes 
additional damping in the FM. 
In summary, we report observation of spin transport in AF insulator NiO and significant 
enhancement of spin pumping signals with insertion of a thin NiO spacer between YIG and Pt.  
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The enhanced spin pumping indicates excellent spin conversion efficiency at the YIG/NiO and 
NiO/Pt interfaces as well as robust spin transport in NiO mediated by AF magnons or AF 
fluctuations.  The magnitude of spin currents in NiO decreases exponentially with decay lengths 
of ~10 nm within 1 nm  tNiO  50 nm.  This result suggests a new path toward high-efficiency 
spin transport by engineering heterostructures involving AF, FM and NM materials. 
We thank the anonymous referees for insightful comments and valuable suggestions.  
This work is supported by the Department of Energy through grant DE-FG02-03ER46054 (CHD 
and PCH) and by the Center for Emergent Materials at the Ohio State University, a NSF 
Materials Research Science and Engineering Center (DMR-0820414) (HLW and FYY). Partial 
support is provided by Lake Shore Cryogenics Inc. (CHD) and the NanoSystems Laboratory at 
the Ohio State University. 
  
9 
 
References: 
1. I. Žutić, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323 (2004). 
2. Y. Tserkovnyak, A. Brataas, and G. E.W. Bauer, Phys. Rev. Lett. 88, 117601 (2002).  
3. A. A. Kovalev, A. Brataas, and G. E. W. Bauer, Phys. Rev. B 66, 224424 (2002). 
4. Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer, Phys. Rev. B 66, 224403 (2002). 
5. Y. Tserkovnyak, A. Brataas, G. E.W. Bauer, and B. I. Halperin, Rev. Mod. Phys. 77, 1375 
(2005). 
6. A. Azevedo, L. H. Vilela Leão, R. L. Rodriguez-Suarez, A. B. Oliveira, and S. M. Rezende, 
J. Appl. Phys. 97, 10 C715 (2005). 
7. Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi, H. Umezawa, H. 
Kawai, K. Ando, K. Takanashi, S. Maekawa, and E. Saitoh, Nature 464, 262 (2010).  
8. E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Appl. Phys. Lett. 88, 182509 (2006). 
9. K. Ando, S. Takahashi, J. Ieda, H. Kurebayashi, T. Trypiniotis, C. H. W. Barnes, S. 
Maekawa, and E. Saitoh, Nature Materials 10, 655 (2011). 
10. K. Ando, S. Takahashi, J. Ieda, Y. Kajiwara, H. Nakayama, T. Yoshino, K. Harii, Y. 
Fujikawa, M. Matsuo, S. Maekawa, and E. Saitoh, J. Appl. Phys. 109, 103913 (2011). 
11. O. Mosendz, J. Pearson, F. Fradin, S. Bader, and A. Hoffmann, Appl. Phys. Lett. 96, 022502 
(2010).  
12. B. Heinrich, C. Burrowes, E. Montoya, B. Kardasz, E. Girt, Y.-Y. Song, Y. Y. Sun, and M. 
Z. Wu, Phys. Rev. Lett. 107, 066604 (2011). 
13. K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando, S. Maekawa, and E. 
Saitoh, Nature 455, 778 (2008) 
10 
 
14. H. L. Wang, C. H. Du, Y. Pu, R. Adur, P. C. Hammel, and F. Y. Yang, Phys. Rev. B 88, 
100406(R) (2013). 
15. C. H. Du, H. L. Wang, Y. Pu, T. L. Meyer, P. M. Woodward, F. Y. Yang, and P. C. Hammel, 
Phys. Rev. Lett. 111, 247202 (2013). 
16. C. Hahn, G. de.Loubens, O. Klein, M. Viret, V. V. Naletov, and J. B. Youssef, 
arXiv:1310.6000. 
17. S.-L. Zhang and S. F. Zhang, Phys. Rev. B 86, 214424 (2012). 
18. S.-L. Zhang and S. F. Zhang, Phys. Rev. Lett. 109, 096603 (2012). 
19. H.  L. Wang, C. H. Du, Y. Pu, R. Adur, P. C. Hammel, and F. Y. Yang, Phys. Rev. Lett. 112, 
197201 (2014). 
20. C. H. Du, R. Adur, H. L. Wang, A. J. Hauser, F. Y. Yang, and P. C. Hammel, Phys. Rev. 
Lett. 110, 147204 (2013). 
21. A. J. Hauser, J. M. Lucy, H. L. Wang, J. R. Soliz, A. Holcomb, P. Morris, P. M. Woodward, 
and F. Y. Yang, Appl. Phys. Lett. 102, 032403 (2013). 
22. C. H. Du, H. L. Wang, F. Y. Yang, and P. C. Hammel, Phys. Rev. Applied 1, 044004 (2014). 
23. H. L. Wang, C. H. Du, P. C. Hammel, and F. Y. Yang, Phys. Rev. B 89, 134404 (2014). 
24. H. L. Wang, C. H. Du, P. C. Hammel, and F. Y. Yang, Appl. Phys. Lett. 104, 202405 (2014).  
25. M. Farley, Rep. Prog. Phys. 61, 755 (1998).  
26. S. O. Valenzuela and M. Tinkham, Nature 442, 176 (2006). 
27. M. Gruyters, J. Magn. Magn. Mater. 248, 248 (2002). 
28. A. Baruth and S. Adenwalla, Phys. Rev. B 78, 174407 (2008). 
29. X. Y. Liang, W. T. Zheng, and Q. Jiang, Nanotechnology 18, 155701 (2007). 
30. T. Chatterji, G. J. McIntyre, and P.-A. Lindgard, Phys. Rev. B 79, 172403 (2009). 
11 
 
31. J. Nogues and K. I. Schuller, J. Magn. Magn. Mater. 192, 203 (1999). 
32. M. Harder, Z. X. Cao, Y. S. Gui, X. L. Fan, and C.-M. Hu, Phys. Rev. B 84, 054423 (2011). 
33. A. Hoffmann, M. R. Fitzsimmons, J. A. Dura, and C. F. Majkrzak, Phys. Rev. B 65, 024428 
(2001).   
34. S. S. Kalarickal, P. Krivosik, M. Z. Wu, C. E. Patton, M. L. Schneider, P. Kabos, T. J. Silva, 
and J. P. Nibarger, J. Appl. Phys. 99, 093909 (2006).  
12 
 
Figure captions: 
Figure 1.  (a) A -2 XRD scan of a 20-nm YIG epitaxial film on Gd3Ga5O12 (111) substrate 
near the YIG (444) peak.  (b) A room-temperature FMR derivative absorption spectrum of a 20-
nm YIG film (YIG-1) with an in-plane DC magnetic field and microwave power Prf = 0.2 mW; 
the linewidth is 8.5 Oe.  AFM images of (c) a 20-nm bare YIG film and (d) a YIG/NiO(20 nm) 
bilayer over an area of 10 m  10 m, which exhibit rms roughness of 0.197 and 0.100 nm, 
respectively. (c) Schematic of ISHE measurement on YIG/Pt bilayer and YIG/NiO/Pt trilayers. 
(d) VISHE vs. H – Hres spectra at θH = 90 and 270 (two opposite in-plane fields) at Prf = 200 mW 
for a YIG-1/Pt(5 nm) bilayer. (e) -2 XRD scan of a 100-nm NiO film on GGG(111) substrate. 
Figure 2.  VISHE vs. H - Hres spectra of YIG(20 nm)/NiO(tNiO)/Pt(5 nm) heterostructures at Prf = 
200 mW using (a) YIG-1, (b) YIG-2, and (c) YIG-3 with differing characteristics.  The top, 
middle, and bottom panels are for YIG/Pt bilayers, YIG/NiO(1 nm)/Pt, and YIG/NiO(100 nm)/Pt 
trilayers, respectively. 
Figure 3.  Semi-log plots of the NiO thickness dependencies of the ISHE voltages for YIG(20 
nm)/NiO(tNiO)/Pt(5 nm) trilayers using (a) YIG-1, (b) YIG-2, and (c) YIG-3. Inset: VISHE as a 
function of NiO thickness from 0 to 100 nm for the three series of samples, where the horizontal 
dashed lines mark the values of VISHE for the YIG/Pt bilayers. (d) Semi-log plot of VISHE as a 
function of the SrTiO3 barrier thickness for YIG/SrTiO3/Pt trilayers. FMR linewidths as a 
function of NiO thickness for (e) YIG-1, (f) YIG-2, and (g) YIG-3 based trilayers, and (h) as a 
function of SrTiO3 thickness in YIG/SrTiO3/Pt trilayers.  
Figure 4.  (a) Room temperature magnetic hysteresis loops of a single YIG(20 nm) film and 
YIG/NiO bilayers with NiO thicknesses of 2, 5, 10, 20, and 50 nm, which give coercivities of 
0.36, 0.42, 0.67, 0.93, 1.31, and 1.53 Oe, respectively.  The inset shows the NiO thickness 
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dependence of coercivity.  (b) VISHE vs. H - Hres spectra of four heterostructures, including: (1) 
YIG(20 nm)/NiO(5 nm)/Cu(10 nm)/NiO(5 nm)/Pt(5 nm) (black), (2) YIG/NiO(5 nm)/SiOx(5 
nm)/NiO(5 nm)/Pt(5 nm) (purple), (3) YIG/NiO(5 nm)/Cu(10 nm) (blue), and (4) YIG/Cu(10 
nm)/NiO(10 nm)/Pt(5 nm) (red), taken at Prf = 200 mW. The spectra are offset for clarity.  (c) 
FMR derivative absorption spectra taken at f = 9.65 GHz and (d) frequency dependencies of 
FMR linewidth of a bare YIG-1 film, a YIG-1/NiO(20 nm) and a YIG-1/SiOx(20 nm) bilayer.  
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Figure 4. 
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